ABSTRACT: Studies regarding background concentrations of rare earth elements (REEs) are scarce and have mainly focused on a limited number of soil types from the northern hemisphere. The aim of this study was to determine REE concentrations in thirty-five benchmark soils of Brazil. Composite soil samples were taken from areas under native vegetation or with minimal anthropogenic influence. Concentrations of La, Ce, Pr, Nd, Sm, Eu, Gd, Yb, Lu, Dy, Er, Ho, Tb, Tm, Y, Sc, and Fe were determined by ICP-OES using a cyclonic spray chamber/nebulizer system after microwave acid digestion. Results were assessed by descriptive statistics, Pearson correlation, and principal component analysis (PCA). Regression analyses among Fe, organic carbon, and REEs were performed to provide a tool for estimating REE concentrations in soils. The REE concentrations in the Brazilian benchmark soils were in the following order: Ce > La > Nd > Pr > Y > Sm > Gd > Sc > Dy > Yb > Eu > Er > Tb > Ho > Lu > Tm. The clear decoupling between light and heavy rare earth elements in soils, indicated by multivariate analysis, is mainly related to differences in parent material. The lowest REE concentrations were found in sandy sediments, whereas the highest REE concentrations were observed in basalt, biotite gneiss, and clayey sediments. The organic carbon and Fe concentrations can properly predict REE concentrations in soils; such a finding can assist in estimating REE concentrations in soils not only in Brazil but also in similar soils developed under tropical conditions.
INTRODUCTION
Rare earth elements (REEs) are a group of metals comprised of yttrium (Y), scandium (Sc), and 14 elements of the lanthanide series (lanthanum to lutetium). These last 14 elements are generally divided into two groups: light (lanthanum to europium) and heavy (gadolinium to lutetium) elements (Hu et al., 2006; Du and Graedel, 2011; Sadeghi et al., 2013) . The denomination "rare" might lead to misunderstandings since they can be as abundant in the Earth's crust as copper, nickel, or lead (Haxel et al., 2002) . For instance, cerium (Ce) is the 25th most abundant element in the Earth's crust and its concentration in soil is often similar to that of Zn (Tyler, 2004) . In addition, REEs are found in more than 200 minerals, mainly phosphates, carbonates, silicates, and Fe-and Mn-oxides (Henderson, 1984) .
Given their unique physical and chemical properties, REEs are widely used for multiple purposes, such as industrial production of technological devices (Strauch et al., 2008; Long et al., 2010; Robert and David, 2012) and agricultural fertilizers (Pang et al., 2002; Kobayashi et al., 2007) . These and other technical innovations will strongly increase REE demand in the near future; hence, accumulation of these elements in the soil may become an environmental concern (Zeng et al., 2006; D'Aquino et al., 2009; Du and Graedel, 2011) .
Data on soil background concentrations of trace (Salonen and Korkka-Niemi, 2007; Biondi et al., 2011; Preston et al., 2014; Alfaro et al., 2015) and major elements (Montserrat and Camarero, 2010; Hannan and Tanguma, 2012; Dantu, 2014) are easily found in the literature. However, data regarding REEs are comparatively scarce and have mainly focused on determination of REEs in a limited number of soil types (Turra et al., 2011; Damascena et al., 2015) . Given that REE concentrations are influenced by soil parent materials and pedogenesis processes, such studies are not able to estimate the variability of REE concentrations expected in soils. Thus, the study of benchmark soils can yield a set of REE data that covers a wide range of pedogeological conditions and might be used in estimation of REEs on a more national or global scale. A benchmark soil is one of large extent within one or more major land resource areas, one that holds a key position in the soil classification system, one for which there is a large amount of data, one that has special importance for one or more significant land uses, or one that is of significant ecological importance (USDA, 2004) .
Geochemical associations between trace elements and Fe concentrations in soils are often reported (Hamon et al., 2004; Alfaro et al., 2015) ; therefore, regression equations may predict trace element concentrations in soils based on such correlations. This can avoid costly sampling and analysis when levels of potentially toxic elements need to be known for a great number of soil samples (Alfaro et al., 2015) . Likewise, high correlations between Fe and REE concentrations can be useful for estimating the concentrations of REEs in soils.
Taking into account the growing global economic importance of REEs, the use of these elements in several Earth science fields (Laveuf and Cornu, 2009; Li et al., 2013; Chen et al., 2014; Abbott et al., 2015; Pagano et al., 2015) , and the scarcity of data available for Brazil (Pérez et al., 1997; Paye et al., 2016) and other tropical regions, this study was carried out to determine the REE concentrations in soils of a Brazilian benchmark collection that represents all the soil orders found in the country. Additionally, we demonstrate that a geochemical association exists between Fe and REEs in these soils. Such a finding can aid in estimating and tracing REE concentrations in soils.
MATERIALS AND METHODS

Sampling and sample preparation
The study area extends from the coastal region to the semiarid zone of the state of Pernambuco, Brazil (Figure 1 ), and covers sites with different soil and geological settings.
Annual average rainfall ranges from 500 mm to 2,200 mm and air temperature ranges from 24 °C to 28 °C for semiarid and coastal regions, respectively. In the coastal zone, soils are often developed upon tertiary sediments or crystalline rocks -usually deep and highly weathered -with relief ranging from slightly to strongly rolling; vegetation is mainly composed of evergreen broad-leaf tropical forest. In the semiarid region, soils are generally shallow owing to the long dry season, which in turn decreases the chemical weathering and leaching process; vegetation is mainly deciduous forest, known locally as hypoxerophilous caatinga, and dense tree-shrub deciduous vegetation, classified locally as hyperxerophilous caatinga, somewhat similar to a dry season deciduous thornbush savannah (Nascimento et al., 2006) .
A total of 35 composite topsoil samples were taken from areas covered by native vegetation or with minimal anthropogenic influence, representing a wide diversity of soil classes and parent materials (Table 1) . Consequently, the soils also exhibit wide variability regarding physical and chemical properties ( Table 2 ). Soil samples were air dried and passed through a 2-mm mesh nylon sieve, ground in an agate mortar, and passed through a stainless steel 0.3-mm mesh sieve (ABNT No. 50).
Quality control and quality assurance (QC/QA)
For REE and Fe determination, 1.000 g of soil was digested in Teflon vessels with 9 mL of HNO 3 and 3 mL of HCl in a microwave oven (USEPA, 1998) . This method is recommended by the Brazilian Council for the Environment to assess potentially toxic concentrations of elements in soil (Conama, 2009) . All the extracts were transferred to 25 mL certified flasks (NBR ISO/IEC) filled with ultrapure water (Millipore Direct-Q System) and filtered through slow filter paper (Macherey Nagel®). High purity acids were used in the analysis (Merck PA).
Calibration curves for REE and Fe determination were prepared from standard 1,000 mg L plasma (ICP-OES/Optima 7000, Perkin Elmer); in order to improve both sensitivity and stability for REE measurements, a cyclonic spray chamber/nebulizer system was coupled to the ICP.
Statistical analysis
Results were assessed by descriptive statistics, Pearson correlation, and principal component analysis (PCA). Principal component analysis has been widely used for studying geochemical data (Carranza, 2008; Sadeghi et al., 2013; Agnan et al., 2014; Silva et al., 2015) and consists of converting the original group of variables into a new uncorrelated group of equal dimension. Such groups are known as principal components -linear combination of the original variables -which aim to explain the maximum level of total variability associated with
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Classification) these independent variables (Manly, 2008) . To extract the significant principal components while diminishing the contribution of variables with little importance, we employed Varimax rotation (Kaiser, 1958) . Regression analyses among Fe, organic carbon (OC), and REEs were tested to provide a tool for estimating REE concentrations in soils.
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RESULTS AND DISCUSSION
Quality control and quality assurance (QC/QA)
Percentage recoveries of REEs from the certified materials ranged from 79 to 98 % for SRM 2710a and 52 to 93 % for SRM 2709 (Table 3 ). The highest recoveries were observed for Yb, Lu, Sm, and Gd: SRM 2710a (98, 97, 95, and 90 %, respectively) and SRM 2709 (93, 83, 85, and 80 %, respectively), while Nd, Ce, La, and Sc showed the lowest recoveries. Since the digestion method used (USEPA 3051A) is not able to extract REEs from silicates (NIST, 2002) , in general, the lower the recovery, the higher the association of the element with these soil silicate minerals. (Defelipo and Ribeiro, 1997) . P, K, Na: extractor Mehlich-1 (Defelipo and Ribeiro, 1997) . OC: organic carbon (Yeomans and Bremner, 1988) .
(1) SD: standard deviation. 
REEs concentration in soils
Average REE concentrations in soils were in the following order: Ce > La > Nd > Pr > Y > Sm > Gd > Sc > Dy > Yb > Eu > Er > Tb > Ho > Lu > Tm (Figure 2 ). The REE concentrations in the soil is mainly governed by parent materials (Liu, 1988; Hu et al., 2006) , but weathering conditions, organic matter, and clay concentrations are also important to determine these levels (Tyler, 2004) . The abundance of REEs found here is very similar to that reported for soils of Brazil (Paye et al., 2016 ) and other countries (Wei et al., 1991; Yoshida et al., 1998; Tyler and Olsson, 2002; Sadeghi et al., 2013) and follows the Oddo-Harkins rule, which holds that elements with an even atomic number (such as Ce) are more common than elements with an odd atomic number (such as La). ) were also found in higher concentrations than trace elements (Ni and Co) measured in the same soils (Biondi et al., 2011) . In addition, the average Gd concentration was greater than the average Cd concentration generally found in Brazilian soils (Paye et al., 2010; Santos and Alleoni, 2013; Preston et al., 2014) . Tm, Lu, Ho, and Tb were the least abundant heavy rare earth elements (HREEs) in soils; their values are comparable to those often reported for Mo and are related to the very low concentration in primary minerals.
The lowest sum of REEs occurred in soils derived from sandy sediments: profiles 28 (9.26 mg kg -1 ), 25 (9.54 mg kg -1 ), 3 (13.31 mg kg -1 ), and 10 (14.84 mg kg -1 ) ( Table 1) . Studying REE distribution in Sweden, Sadeghi et al. (2013) also observed the lowest contents in sandstones. The highest REE concentrations in Brazilian benchmark soils were derived from basalt, biotite gneiss, and clayey sediments, profiles 7 (549 mg kg -1 ), 16 (525 mg kg -1 ), and 12 (410 mg kg -1 ), respectively. The sum of light rare earth elements (LREEs) in soils was equal to 95.56 mg kg -1 . The maximum LREE concentrations were observed for the soil with the highest clay content (Figure 2) . These values are much higher than the average in the Earth's crust and indicate that LREE enrichment took place in these soils. Several authors report LREE accumulation in clayey soils (Minarik et al., 1998; Dong et al., 2001; Kanazawa and Kamitani, 2006; Prudêncio et al., 2011; Ahn et al., 2014) .
The sum of REEs in soils of Brazil was 107.54 mg kg -1 ; this value is slightly higher than the average concentrations in Japan and Sweden, but lower than those in China and Europe 
Correlation matrix
Significant positive correlations among REEs were observed ( 
Principal component analysis
Principal component analysis (PCA) was carried out based on the strong positive correlation among REEs and their multivariate normal distribution. The entire data set showed principal components (PC) with eigenvalues higher than unity and explained roughly 89 % of the total variance of REE distribution. PC1 and PC2 accounted for 80 and 8.9 % of total variance, respectively ( 
90). The clear decoupling between LREEs (PC2) and
HREEs (PC1 -except for Eu) in soils is mainly related to differences in parent material, atomic weight, ionic radii, coordination numbers (c.n.), and electronegativity (Henderson, 1984; Laveuf and Cornu, 2009 ). For instance, LREEs often occupy the larger sites of 8-10 c.n. and concentrate in carbonates and phosphates, whereas HREEs usually occupy 6-8 c.n. sites 
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Rev Bras Cienc Solo 2016;40:e0150413 and are predominant in oxides and some phosphates (Kanazawa and Kamitani, 2006) . REE distribution and mineralization data in Sweden also exhibited two distinct groupings -HREEs and LREEs in soils (Sadeghi et al. (2013) . Based on their results, the major difference was related to the distribution patterns in the parent material underlying northern Sweden.
The highest loadings for OC with LREES and Fe with HREEs ( Figure 3 ) clearly suggest their geochemical association. Organic C seems to have little influence on HREE distribution; furthermore, as incorporation of REEs in the Fe-Mn-oxide structure is limited, REEs rarely substitute Fe in the of Fe-oxide lattice (Braun et al., 1993) . Such assumptions give rise to the question: Could Fe and/or OC be good predictors of REE concentrations in soils? As a matter of fact, we found a well-defined natural association between Fe and the sum of HREEs (Figure 4b ), as well as between OC and the sum of LREEs (Figure 4a ).
Linear regression analyses were carried out to address the geochemical association between individual REEs and Fe and OC concentrations. Coefficients of determination ranged from 0.40 to 0.97 (Table 6 ). As suggested by PCA, HREEs were strongly associated with Fe concentration in soils, whereas LREEs were poorly associated with Fe contents, except for Nd, Sm, and Eu, which were regarded as medium REEs (Laveuf and Cornu, 2009) . Moreover, the highest standard error of estimate values observed, the measure of the accuracy of predictions for a regression line, was for La (20), Ce (47), Pr (10), and Nd (16).
Iron accounted for 82 and 74 % of the variation of Yb and Tb distribution (Table 6 ). Significant correlations demonstrated that Fe is useful in predicting HREE (including medium REEs, such as Sm and Eu) background concentrations in benchmark soils not only in Brazil but concentrations under tropical soil conditions when equations are properly calibrated on a more global scale. Nevertheless, attempts must be made in order to not extrapolate Fe concentrations ranging from 840 to 94,500 mg kg -1 , respectively. The high geochemical association between Fe and HREEs might be related to preferential scavenging of the HREEs by pedogenic minerals, most probably Fe-oxyhydroxides (Brioschi et al., 2013) . The influence of Fe oxide contents on the bioavailability of REEs was also reported by Fang et al. (2007 Bold: significant at p<0.01; underlined: significant at p<0.05. of Fe oxyhydroxides suggested that these elements are preferentially associated with Fe oxyhydroxides (Pédrot et al., 2015) . Significant positive correlations (p<0.01) between Fe oxides and REEs (except for Ce) were obtained in agricultural soils from German (Loell et al., 2011) ; however, no significant correlation was observed between OC and REEs (except for Ce). They suggested that Fe oxides seem to trap Ce based on positive Ce anomaly in crystalline oxides or concretions; in addition, the complexation capacity of organic C is higher with Ce than with other REEs. 
CONCLUSIONS
Average REE concentrations in benchmark soils of Brazil were in the following order: Ce > La > Nd > Pr > Y > Sm > Gd > Sc > Dy > Yb > Eu > Er > Tb > Ho > Lu > Tm and were related to underlying parent material. The lowest REE concentrations were found in sandy sediments, whereas the highest REE concentrations were observed in basalt, biotite gneiss, and clayey sediments.
Organic carbon and Fe concentrations can properly predict REE concentrations in the soils studied; this finding can assist in estimating REE concentrations in soils not only in Brazil but in similar soils developed under tropical conditions. 
